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a b s t r a c t
Along with the rapid urbanization and population growth during past decades, the social and envi-
ronmental impacts caused by municipal solid waste (MSW) have been paid increasing attention. How to
collect and dispose the booming amounts of MSW turned to be a hot topic. Due to its advantages of cost-
efficiency and environmental concerns, the incineration is replacing the direct landfilling for dealing with
the MSW worldwide. Under the consideration of the limited number of incineration plants and the
complicated situation of transportation in both spatial and temporal dimensions around different cities,
how to effectively and efficiently allocate the incineration resources for different areas in different cities
turns to be a very meaningful topic, especially in the high population density areas (e.g. Singapore). In
this research, the current MSW collection and disposal in Singapore is reviewed, especially the prob-
lematic allocation of incineration resources, and a spatial allocation model is also proposed, and suc-
cessfully implemented within the context of Singapore. On the other hand, few limitations of this study
are also discussed, some of which will also be the research directions in the future.
© 2015 Elsevier Ltd. All rights reserved.
Introduction
Urbanization is one of the evident global changes in the world,
especially during past decades. At the meantime, the environ-
mental impact caused by municipal solid waste (MSW) has drawn
more and more special social and environmental attention along
with the rapid and constant growth of urban population and the
urban MSW generation. Undoubtedly the disposal of MSW is a
growing social concern nowadays. It also becomes increasing
imperative for the planners or policy makers to find effective and
sustainable ways to collect and dispose the booming amounts of
MSW, especially in these high population density areas, e.g.
Singapore.
Traditional landfilling is less and less attractive for these cities
due to its disadvantages of less efficient energy recovery and more
greenhouse gas emission compared to the popular incineration
means to treat theMSW (Han, Long, Li,& Qian, 2010). From another
energy saving perspective, the market for the waste-to-energy
technologies is expected to increase five folds in less than 10
years (Pike_Research, 2012). On the other hand, waste incineration
can reduce its mass by up to 90%, hence significantly decreases the
demand for landfills and final disposal. It can also be capitalized on
to provide more cost-effective waste management regimes by
decreasing the number of the trips over long distances after
the incineration and optimize theMSW collection strategy from the
waste generation points to the incineration plants. Because
the collection and transportation of MSW often accounts for the
bulk of the waste management budgets (Taveres, Zsigraiova,
Semiao, & Carvalho, 2009), thus even a tiny portion of improve-
ment in the waste collection operation would gain substantial cost
savings (Karadimas, Papatzelou, & Loumos, 2007).
Generally, the incineration plants exist in small numbers and are
located far away from the residential or commercial areas. Of
course, the waste collection and disposal regimes in different cities
are also affected by some other constraints, such as the daily
capacity of different incineration plants and the relative location to
the waste generation points and the landfills. Specifically, the
capacity of one incineration plant favored by some companies or
drivers may be used up by some waste generation points with
earlier drivers, which may cause a situation that one further waste
generation point, which is very close to the incineration plant
mentioned above, need to travel a longer distance with the original
amount of waste to another incineration plant. Apparently, the
incineration capacity allocationmaybe not ideal. Thus, it would be a
very interesting topic to scientifically allocate the incineration re-
sources for different waste generation points considering many
different factors, which can be understood as a truck allocation
problem or a zoning problem, which generally requires the
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aggregation of a large number of shapes into smaller number of
larger regions (Li, Goodchild, & Church, 2013).
This paper aims to develop a specific waste collection allocation
model to answer the following question: where to send our waste
within the context of Singapore. The allocation model is proposed
and developed to decide the incineration plant to which a locale
should send its waste in order to minimize overall transportation
costs. Finally, the effectiveness of the models is also tested in the
context of Singapore, and the limitations and potential of model are
also introduced.
Background of research
Truck allocation problems are often constrained by the capacity
of both trucks and disposal facilities. They should not simply travel
to the nearest facility based on a cost minimization objective
because this narrow analysis would result in a long queue at
favored sites (Belien, De Boeck,& Van Ackere, 2012). The solution is
often to develop a model that allows authorities to make decisions
on the timing of refuse transportation, with the aim of minimizing
time wasted queuing at the facilities. Several authors have there-
fore conceptualized the truck allocation problem as more of a
scheduling problem (Bhat, 1996; Li, Borenstein, & Mirchandani,
2008).
However, the truck allocation model developed here is con-
strained by the daily capacities of incineration plants, and inspired
by the potential to use their mass reduction capability to reduce
waste collection costs. In this respect, research on waste transfer
stations is more relevant. Transfer stations are facilities in between
waste generation points and disposal facilities, where small loads of
waste are aggregated into larger loads. By doing awaywithmultiple
small collection trucks and using larger transfer trucks to transport
waste over long distances, transfer stations have been shown to
reduce economic costs and environmental impacts (Bovea, Powell,
Gallardo,& Capuz-Rizo, 2007). Consequently, complexmodels have
been developed to find the optimal number, capacity and location
of transfer stations that would minimize transportation costs
(Wirasinghe & Waters, 1983). Kirca and Erkip (1988) provide a
comprehensive mathematical model for the same purpose. The
decision variables of their model are whether a transfer station
should be built and the amount of waste transported from each
district to each transfer station. They specified a cost differential
ratio, g, where
g ¼ Cost of operating a collection vechile ð=tonne kmÞ
Cost of operating a transfer vechile ð=tonne kmÞ (1)
to take into account the cheaper cost of operating larger trucks vis-
a-vis multiple smaller trucks. The case study in this research has
different situation, more details will be explained later.
Zoning problems or regionalization problems have been widely
discussed during past decades (Li et al., 2013; Openshaw,1977). As a
zoning problem, the truck allocation problem or the incineration
resource allocation problem is also similar as other zoning prob-
lems, including the land use allocation problem, redistricting
problem, which have also been paid much attention during past
decades (Altman, 1998; Cao et al., 2011; Cao, Huang, Wang, & Lin,
2012; Cao & Ye, 2013; Guo & Jin, 2011; Openshaw & Rao, 1995),
and the political redistricting problem has also be considered as a
typical NP-Complete problem (Altman, 1998). Generally speaking,
the truck allocation could be solved by traditional mathematical
programming or optimization methods, such as linear program-
ming, mixed-integer programming or even non-linear methods
(Kulcar, 1999; Simonetto & Borenstein, 2006; Wu, Huang, Liu, & Li,
2006), but some of these complicated cases showed that the linear
programming formulation could not be solved within a reasonable
computation time, because of the large amount of variables and
constraints. Therefore, the heuristics methods are also developed
and employed to solve this kind of optimization problem in some
other cases as well (Rubenstein-Montano & Zandi, 1999). The
heuristics methods are capable of searching very large spaces of
alternative solutions, but there is no commitment that the optimal
or the best solution(s) could definitely be searched, which means
only near-optimal solutions could be obtained through heuristic
methods. Thus, in this research, considering the “pros and cons”
and the complexity of Singapore case based on the subzones, only
linear programming method is employed, and it will be introduced
in detail in the following section.
Methods
Simplified and hypothetical case
As mentioned above, incineration plants exist in small numbers
and are situated far away from waste generation points, and this
limits the extent to which this mass reduction capability is able to
bring down total collection costs. Other constraints e such as the
daily capacity of incineration plants and their location relative to
waste generation points and landfillse also affect how cities should
configure their waste collection regime.
This complication can be demonstrated by recourse to a hypo-
thetical case in Fig. 1. There are two waste generation points (each
generating 2 kg/day of waste) which have to send their waste to
either of the two incineration plants (eachwith capacity of 2 kg/day
and mass reduction capability of 90%). The choice might first
appear as an easy decision to make by simply picking the nearest
one. However by doing so, waste from point 2 will use up the
incineration capacity of the nearest plant A and deprive an area
further away (point 1) from using it. Waste from the latter point e
in its original amount e has to travel a longer distance to plant B.
The total cost of this allocation is 26.4 kg-km. It is reduced to
22.4 kg-km if point 2 diverts its waste to plant B and leaves the
capacity in plant A to point 1. It is therefore not so apparent as to
how each plant's capacity should be allocated to every point. These
observations can be used to create an optimal allocation model that
is capable of dealing with more decision variables within an
acceptable amount of time. The relative positions of waste gener-
ation points and incineration plants, as well as their attributes
(waste generation amount and incineration capacity respectively),
will be crucial inputs in this model. Geographic Information System
(GIS) would be naturally the essential tool for the necessary spatial
analysis on a large number of generation points and visualization of
the allocation results. The simplified and hypothetical case could be
seen in the following figure.
Proposed allocation model
The proposed allocation model will determine the amount of
waste to be sent from each demand point to each incineration plant
to minimize overall transportation cost. The decision variables are
therefore wji, the amount of waste (measured in tonnes) trans-
ported from each area j to each plant i. The following assumptions
are made:
 The collected waste is conveyed from the centroid of each
subzone to the incineration plants.
 All combustible waste is sent for incineration, and all incinera-
tion ash is sent to a sole final disposal point.
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 The cost of transportation is proportional to the amount of
waste transported and the distance over which it was
transported.
 All waste are identical and all incineration plants are identical in
terms of technology and mass reduction factors.
The parameters of the model are as follows:
M ¼ number of waste generation points
T ¼ number of incineration plants
k ¼ only final disposal point
Wj ¼ amount of waste collected daily from area j
dji ¼ shortest road network distance between area j and plant i
dik ¼ shortest road network distance between plant i and k
Si ¼ daily capacity of plant i
ci ¼ mass reduction factor for plant i, where 0 < ci < 1
The model can be represented in the following mathematical
formulation:
Minimize Total Cost; TC ¼
XM
j¼1
XT
i¼1

wjidji þwjidjið1 ciÞ

(2)
s:t:
XT
i¼1
wji ¼ Wj; j ¼ 1;…;M; (2a)
XM
j¼1
wji  Si; i ¼ 1;…; T ; (2b)
wji  0; j ¼ 1;…;M; i ¼ 1;…T (2c)
The objective is to minimize total cost of transporting waste
from each waste generation point to an incineration plant (wjidji)
and transporting incineration ash from the plant to the landfill
½wjidikð1 ciÞ, as represented by the objective function in (2). The
model is subject to three constraints: a linear equality constraint in
(2a) to ensure all waste collected from an area is sent for incinera-
tion, a linear inequality constraint in (2b) to ensure the total amount
of waste sent to a plant does not exceed its daily capacity, and finally
a bound constraint in (2c) to ensure the decision variables are al-
ways positive. The results will show that the incineration plant to
which an area's waste is sent may not be the nearest plant so as to
allow the plant's capacity to be used by another area's waste, which
will result in a more cost-efficient waste collection regime.
Because themodel consists of only bound and linear constraints,
a linear optimization solver is used to solve it. The model is
implemented in MATLAB R2014a, using a solver for linear pro-
gramming problems e linprog e available in its Optimization
Toolbox (MathWorks, 2014). ESRI's ArcGIS was used to allow for the
automated derivation and spatial analysis required and the pre-
sentation of the models' results.
Case study: Singapore
Background information
Singapore is a city-state with a fully urbanized population
(UNDESA, 2012). From 1970 to 2013, its total population increased
2.5 times, while income per capita increased 24 times (SingStat,
2013; SingStat, 2014). This accounts for the six-fold growth in
disposal of MSW from 1260 to 8289 tonnes/day (t/d) over the same
period (NEA, 2014a). This trend shows no signs of abating; it is
expected that 10,110 t/d of waste will be disposed in 2030, which is
a 22% increase from 2013. At this rate, not only will there be diffi-
culties in finding space to build more disposal facilities on the
limited land area, there will also be challenges in devising a waste
collection regime thatmanages to copewith greater waste volumes,
whilst being economically efficient and environmentally friendly.
Because Singapore is situated in the tropics, waste e especially
organic waste e can create public health problems if left in the
open to putrefy under the hot and humid weather. Daily collection
of waste is therefore required to prevent these negative impacts
(Lee, 2008). From the rudimentary methods of using manual labor,
shovels and pushcarts in the 1950s to today's professional system of
using increasingly skilled labor and mechanized equipment, the
waste collection system has undergone an immense trans-
formation (Tan, Lee, & Tan, 2008). Before the turn of the century,
the responsibility to provide waste collection services was trans-
ferred from the government (the then-Ministry of the Environ-
ment) to private waste collectors, over which the National
Environment Agency (NEA) has oversight.
Despite vast improvements in efficiency of waste collection, the
industry still faces growing operational costs, arising from
increasing labor and fuel costs, as well as higher service expecta-
tions from the public (NEA, 2012). Due to the large amount of waste
to be disposed, collection trucksmake asmany as around 1000 trips
around the island every day (NEA). An imperative therefore exists
for the study of the optimal allocation of trucks to disposal sites to
bring down collection costs as much as possible.
Currently, all combustible waste has to be directly transported
to any of the four incineration plants e three in the west and one in
the north (Fig. 2). Incineration is an integral strategy of Singapore's
waste management strategy as it is able to reduce waste mass by
90%. After waste is burnt, the remaining ash has to be transported
to the Tuas Marine Transfer Station to be sent to Semakau Landfill.
Because the distance from most parts of the island to plants in
Tuas are substantially longer than that to the Senoko Waste-to-
Energy Plant (SWTEP) in the north, waste collectors throng the
latter to dispose their collectedwaste. This is evident from a site visit
in a morning of October 2014. Trucks were seen queuing starting
from 7 a.m., way before the scheduled opening of the plant at 8 a.m.
Some drivers lamented that they sometimes have to wait up to 2 h,
which is a waste of their time and also the company's resources.
This first-come, first-served system forces drivers to make trips
to SWTEP in the wee hours of the morning before the daily incin-
eration capacity is used up, or they will have to go to plants in Tuas.
Fig. 1. Hypothetical case to study optimal allocation of incineration capacities to waste generation points for overall cost minimization.
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This high demand to dispose waste at SWTEP puts a strain on its
capacity, which led to disincentives being imposed, such as a higher
disposal fee at SWTEP and closure of the facility for the day by
noon. However, it is uncertain whether this laissez-faire allocation
of plant capacities to waste collectors is optimal, thereby casting
doubts over the cost-effectiveness of the current waste collection
system. In this case study, the proposed allocation model can be
used to determine the plants to which collection trucks from an
area should send its waste in order to achieve the most cost-
effective outcome.
Data sources
The data used in this case study are provided by various gov-
ernment agencies, namely: the NEA, the Urban Redevelopment
Authority (URA), the Land Transport Authority (LTA), the Depart-
ment of Statistics (SingStat), and the Singapore Statutes Online
(Table 1). The areal units used in this study are the subzones used
by the URA.
Data preparation for allocation model
Estimating spatial distribution of waste generation for allocation
model
To apply the proposed allocationmodel, an important data input
is the amount of waste generated in each area. Because such data
was not available, the method proposed by Karadimas and Loumos
(2008) is adapted to estimate waste generation in Singapore. The
authors made a distinction between residential and commercial
waste, which is similar to how NEA distinguishes Singapore's waste
sources. In this regard, we assume residential waste to be those
recorded by NEA as “Trade and Domestic” (56%), and commercial
waste as “Commercial and Industrial” (44%) (MEWR, 2014). For the
purpose of this case study, the waste generated in each subzone is
taken to be the sum of (i) the product of population in the subzone
and the mean waste generated per capita and (ii) the product of
area in the subzone classified as Commercial, Business or Utility
under the Master Plan 2014 and the mean waste generated per
industrial/commercial area. The 2825.1 thousand tonnes of waste
sent for incineration in 2013 is therefore distributed among all
subzones in this manner (NEA, 2014b).
Several subzones have been excluded in this estimation; they
include the offshore islands, such as those in the north-eastern and
southern parts of Singapore, and catchment areas, such as the
Western Water Catchment and Central Catchment Nature Reserve.
We were unable to conduct an accuracy testing for this estimation,
as the waste collectors have rejected requests for data on waste
generated in each locale. Notwithstanding several limitations of
this estimation, it is sufficient at this point to proceed with the
following applications. Fig. 3 shows the results of the estimated
waste generation amounts.
Grouping of incineration capacities
Three of the incineration plants are located near each other in
Tuas. Hence they are grouped into a “zone” to reduce the number of
decision variables that the model has to work with (Table 2). The
cost of ferrying ash from the transfer station to Semakau Landfill is
not considered in the model because it is a fixed cost independent
of the results from the allocation model e in other words, the only
transfer station is considered as the final disposal point, and could
be ignored in this research and will not influence the final alloca-
tion scenarios. The capacity of each incineration plant can be seen
as follows, besides, each zone has an additional capacity of 150 t/
d to reflect the fact that incineration plants can process a slightly
higher load when necessary.
Fig. 2. Waste disposal infrastructure in Singapore.
Table 1
Data sources.
No. Data Data format Data source
1 Waste Statistics Textual NEA
2 Subzones Shapefile URA
3 Master Plan 2014 Image URA
4 Road Section Lines Shapefile LTA
5 Population Tabular SingStat
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Results
Current situation
Given the current location and daily capacities of incineration
plants in Singapore, as well as the estimated spatial distribution of
waste generation, Fig. 4 shows how the incineration capacity of
each incineration zone should be allocated to each waste genera-
tion area. This allocation is done with optimality defined as mini-
mization of transportation costs, which is given in tonnes-km.
It is clear that the incineration capacity should not be allocated
simply to areas that are closest to the plant. The areas in the north-
western part of Singapore, marked A, should send their waste to
Tuas which is further away, so that the incineration capacity in
Senoko is freed up for areas as far as the eastern part of Singapore,
marked B. This can be explained by recourse to a simple mathe-
matical calculation. Take for example the subzones of Mandai in the
vicinity of label A and Pasir Ris Town in the vicinity of label B, both
of which produce roughly the same amount of waste (31.65 and
30.19 tonnes respectively). From Table 3, we can see that the total
cost of transporting waste from these two subzones to their allo-
cated plants is 11.3% lower when the allocation was done using the
proposed model (Case 1: 1485.27 tonnes-km) than a laissez-faire
allocation1 (Case 2: 1673.69 tonnes-km). These calculations have
been worked out by the proposed mathematical model for the
whole island and the allocation e in this case e is produced such
that Mandai should avoid going to Senoko and leave the capacity
for Pasir Ris Town to use. Finally, the allocation model has also
identified an area, the Serangoon Garden subzone, marked C, to
send roughly 42% of its waste to Senoko and the remaining to Tuas.
In all, if the allocationwere done in this manner, the total cost of
transporting the whole island's waste for disposal would be
1.67  105 tonnes-km. During the site visit, the drivers were also
asked where the waste they were transporting came from; the
responses were that they were from various parts of Singapore
(Fig. 5). The allocation results show that waste from Bukit Panjang
(D), Bedok (E), and several areas in the central region including the
Central Business District (F), which are now being sent to Senoko,
should be sent instead to Tuas. This means that with the current
laissez-faire system, allocation is not optimal in terms of cost
minimization and the results presented here have the potential to
make the collection regime more cost-effective.
However, it still begs the question as to why the areas marked A
would give up the capacity in Senoko to those marked B e after all,
the trucks from the former would be able to reach the plant earlier
than those that arrive from the latter located further away. The
examples of Mandai and Pasir Ris Town, as well as the calculations
in Table 3, will show how this may work. Under the allocation done
by the proposed model, waste collectors in Mandai incur an addi-
tional cost of 313.40 tonnes-km to send waste to Tuas instead of
Senoko. However, waste collectors in Pasir Ris Town will enjoy a
Fig. 3. Estimated Waste Generation Distribution in Singapore (ton as the unit).
Table 2
Grouping of incineration plants into zones.
Incineration “zones” Incineration capacity (t/d) Distance to transfer station (km)
Tuas
Tuas Incineration Plant (1700 t/d)
Tuas South Incineration Plant (3000 t/d)
Keppel Seghers Waste-to-Energy Plant (800 t/d)
5500 þ 150 ¼ 5650 Negligible
Senoko
Senoko Waste-to-Energy Plant (2100 t/d)
2100 þ 150 ¼ 2250 30.98
1 This assumes that collection trucks from Mandai can reach Senoko first.
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Fig. 4. Results of allocation model with Ssenoko ¼ 2250 t/d, Stuas ¼ 5650 t/d and csenoko ¼ ctuas ¼ 0.9.
Table 3
Calculation of cost savings using examples of Mandai and Pasir Ris Town.
Total cost
Case 1 Pasir Ris Town to Senoko Mandai to Tuas 1485.27 tonnes-km
(30.19 kg) (23.13 km) þ (0.1) (30.19 kg) (30.98 km)
¼ 791.82 tonnes-km
(31.65 kg) (21.91 km) ¼ 693.45 tonnes-km
Case 2 Pasir Ris Town to Tuas Mandai to Senoko 1673.69 tonnes-km
(30.19 kg) (42.85 km) ¼ 1293.64 tonnes-km (31.65 kg) (8.91 km) þ (0.1) (31.65 kg) (30.98 km)
¼ 380.05 tonnes-km
Fig. 5. Response from 45 drivers queuing at SWTEP on the origin of their collected waste; several areas, which have been allocated Tuas' capacity, are currently sending waste
instead to Senoko.
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substantial saving of 501.82 tonnes-km by taking up the capacity
freed up by Mandai at Senoko. This means that if the collectors in
Pasir Ris Town compensate those at Mandai at an amount between
313.40 and 501.82, both parties will benefit. Through a process of
negotiation, the optimal monetary compensation can be made and
this allocation by the proposed model would work.
Other implications of proposed model
Other than allocating incineration capacities to different areas in
the current situation, the proposedmodel presentsmany other uses.
The model completes running in less than 3 s and is highly adapt-
able to conduct “what-if” analyses. For example, with changes to the
input variables, the model can be used to predict the feasibility of a
certain technology or whether to site a new plant in a certain place,
by analyzing the changes in the total collection cost with respect to
the current situation. Two examples are presented as follows.
Many years ago, the government considered using compaction
through baling to achieve the same aim of reducing the volume of
waste being sent to landfills (Tan et al., 2008). However, this would
only reduce the volume by about 40%. This means that after waste is
sent to a baling facility, 60% of it remains to be sent to landfills for
final disposal. Fig. 6 shows the hypothetical case of building baling
facilities instead of incineration plants e that is, the mass reduction
factors are changed to 0.4, while the location and capacities of the
plants remain unchanged. The allocation of capacities to each area
hardly changed from the previous case, except for a few subzones in
the area marked G. However, the total cost shot up to
2.02  105 tonnes-km, which is a 20.7% increase from the case
where incineration is used. This figure can be used to inform a cost-
benefit analysis when considering technologies to adopt on a na-
tional scale. This shows how the proposed model can be used to
evaluate the merits of certain technologies vis-a-vis others.
Further, the model can also contribute to site selection studies
by providing a fresh perspective on how incineration capacity
should be spatially distributed throughout a study area, so as to
achieve a cost-effective outcome. For example, if the newest
incineration plant, the Keppel Seghers Tuas Waste-To-Energy Plant
(of capacity 800 t/d, completed in 2009), had been sited beside the
present Senoko plant instead of in Tuas, the Senoko regionwill have
a higher incineration capacity and will be able to serve more areas
in the central and eastern parts of Singapore. Fig. 7 shows how the
allocation of capacities to the waste generation areas will change.
The most notable change is in the area marked H, where waste
originally sent to Tuas can now be sent to Senoko. With this, the
total collection cost is brought down to 1.57  105 tonnes-km,
which is a 6.2% decrease from the current spatial distribution of
incineration capacities.
Current site-selection studies often employ a multi-criteria
evaluation to site incineration facilities. These criteria range from
environmental and physical to social and economic factors (Uyan,
2014). The above has demonstrated how the proposed model can
provide an analysis of impacts that the location of different
candidate sites may have on waste collection costs. This presents a
novel perspective, which can be incorporated in the future site-
selection studies.
Limitations
Within the proposed allocation model, the areal unit used for
analysis is that of the subzones. However the subzones vary very
much in size e some cover a large spatial extent, while others are
only a small strip of land. Hence, the assumption that waste origi-
nates from the centroid of every subzone is weak. In large subzones,
multiple collection trucksmight serve the area and start their journey
to the incineration plants from different origin points. In small sub-
zones, the collection trucks might serve the area as well as adjacent
areas, thus complicating where trucks might start their journey.
Furthermore, the distances used in this study within the allo-
cation model were merely the least-cost paths between each
subzone and each plant. However, as the results of the routing
model have shown, the least-cost path is not the most ideal if we
wish to simultaneously minimize accident risk and population
exposure or even more factors.
Fig. 6. Results of allocation model with Ssenoko ¼ 2250 t/d, Stuas ¼ 5650 t/d and csenoko ¼ ctuas ¼ 0.4.
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Conclusion and discussion
This paper has successfully developed and tested a practical
allocation model for MSW collection. The allocation model assigns
incineration capacity to trucks from various parts of a study area. It
is applicable to an urban locale, where incineration is used exclu-
sively to treat MSW before final disposal at a landfill.
In this research, the model is tested within the context of
Singapore to justify its effectiveness. The results of the allocation
model show that indeed, the allocation of incineration capacity
should not be done based merely on the proximity of an area to
each plant. Some areas near a favored plant should free up the
capacity at the plant and send their waste to a plant further away, so
that areas much further away can use the former plant. This helps
bring downwaste collection costs, which have been rising and have
become a cause for concern for policymakers. This paper is the first
to propose such an allocation model that taps on the mass reduc-
tion capability of incineration plants to make for a more cost-
efficient waste collection regime. By comparing the allocation
results with the current situation in Singapore, this paper states
that there is indeed potential for the allocation model to present
cost savings if its results are internalized by the industry and
government.
This proposed model could also serve as a useful tool to answer
the operational question that waste collectors face on a quotidian
basis: where to send our waste from different waste generation
points. The model presents a quantitative and subjective approach
to answer the question, instead of relying on perceptions of drivers,
companies or planners, who may be biased. While the case study
presented here is in the context of Singapore, the models are highly
adaptable to other jurisdictions as long as the city has a similar
configuration for waste management.
On the other hand, considering the limitations discussed above,
at first, the accurate estimation of the spatial distribution of waste
generation could be one of the research directions in the future.
Apart from using a GIS-based estimated method, such as the
method proposed by (Karadimas and Loumos (2008)), the acqui-
sition of more accurate spatial waste collection information
through a central agency (the NEA in Singapore) would be paid
attention in the future even there might be more complicated
problems involved.
Besides, the road network distances used in the allocation
model were merely the least-cost paths between each subzone and
each plant. However, the least-cost path may not the most ideal if
we wish to simultaneously minimize accident risk and population
exposure. A more meaningful order of analysis that might use some
specific routing model first to construct a path for every subzone to
each plant before applying the proposed allocation model, or more
complicated allocation model with more consideration on different
objectives, would also be our research directions in the future.
Of course, how to obtain more detailed waste collection infor-
mation based on GPS devices would also be another possible di-
rection we want to move towards. Actually the NEA is exploring an
initiative to install GPS devices on waste collection trucks. If this
could be done, the data would be especially helpful in ascertaining
how the allocation of incineration capacity (or lack thereof) could
be done. Furthermore, the intelligent spatial decision support sys-
tem with friendly user interface or even the integration of high
performance computing for more complicated cases would also be
the research direction in the future.
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